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ABSTRACT
The exchange of sodium and other cations from lignite by hydrogen 
ion in an aqueous H2SO4 medium was investigated in a continuous counter- 
current ion exchange unit. This was studied as a function of solid 
residence time, solid/liquid mass ratio, initial acid concentration and 
lignite particle size.
Cations removal from lignite increased with an increase in resi­
dence time and in acid concentration and with a decrease in solid/liquid 
mass ratio and in particle size. The removal of sodium reached equili­
brium values at 50 minutes residence time and for 0.4651 N solution con­
centration. Solid/liquid mass ratios of less than 1/2 produced no 
significant increase in sodium removal. Particle sizes of less than 
35 mesh were not required to reduce the sodium content of the lignite 
to less than 5 percent of its initial content.
A theoretical model featuring film diffusion control was postulated 
for the removal of sodium from lignite. The experimental data were 
consistent with this model. An overall empirical correlation, based on 
the film diffusion model, relating the percent sodium removed from 
lignite, Y, to the solid residence time t, seconds, solid/liquid mass 
ratio P, initial acid concentration C, normality, and particle size rQ, 
centimeters, was obtained using a linear least-squares regression.
Y = exp -0.160t0<316 c0*259 
p0.241 _ 0.274
r  n
XI
The least-squares fit had a multiple correlation coefficient of 0.860. 
Partial F statistics indicated that the heirarchy of the independent 
variables in predicting the dependent variable is acid concentration, 
solid residence time, particle size and solid/liquid mass ratio in 
decreasing contribution.
xii
I. INTRODUCTION
Coal supplied 19 percent of the total energy used in the United 
States in 1977 and estimates are that coal will meet 38 percent of the 
total projected energy demand by the year 2000 (1). The technology 
exists to mine, move and use this abundant and relatively inexpensive 
fuel in environmentally acceptable ways to meet this demand.
Lignite deposits of North Dakota constitute about 22 percent by 
weight of the total explored and mapped coal resources of the United 
States. On a heating value basis, North Dakota lignite accounts for 
18 percent of the total energy in the coal reserves (2^. Open pit 
mining and the relative ease in reclaiming the mined area makes expand­
ed use of lignite attractive. Steam boilers employed in the generation 
of electric power are major users of lignite.
As the use of lignite for power generation has increased dras­
tically over the years, a serious problem in fire-side ash fouling of 
boiler heat-transfer surfaces has been encountered- Ash fouling obstructs 
gas flow in boiler passes, reduces heat transfer, lowers efficiency and 
causes hot spots (2,3,4). Previous studies indicate that ash fouling 
varies from one lignite-fired boiler to another and depends on various 
factors such as boiler design, load factor, excess air, tube metal 
temperatures, and the characteristics of the lignite ash (4). Other 
factors being equal, the degree and rate of ash fouling is directly 
proportional to the sodium content of the lignite 0,6,7). It has been 
observed from pilot plant tests that lignites containing greater than
4 percent Na20 in the ash tend to be medium or high fouling (_8).
Some of the methods and alternatives tried or suggested to reduce
and minimize ash fouling in pulverized-coa1 fired boilers include:
1
2(a) burning low sodium lignite; (b) blending low and high sodium lignites;
(c) using chemical additives in the lignite to mask the effect of sodium;
(d) incorporating special design features and cleaning devices in the 
boiler; (e) oversizing heating surfaces to accomodate some fouling;
(f) cleaning the lignite chemically or physically before combustion; and
(g) using additives, like limestone, in the lignite to break up ash build­
up on boiler tubes (J3,6,J7,8).
Lignite in North Dakota containing less than 4 percent Na20 in 
the ash accounts for only a third of the total lignite reserve. There 
is also a great variability of lignite ash within and between mines (J7,_9). 
Hence, it is unlikely that steps (a) and (b) will be viable in the long 
term. Chemical additives have not been found effective in reducing 
fouling significantly (fi). Design modifications or incorporation of 
cleaning units will increase the initial cost of the boiler and do not 
necessarily prevent the problem completely. Additives like limestone 
have had partial success in breaking up the ash buildup.
Most of the sodium, potassium, calcium and magnesium associated 
with lignite are present in the organic structure as salts of humic 
acid (2 t 5,8,1C)).. These metals can be removed from the lignite by ex­
changing them with other ions. Removal of sodium by ion exchange is 
thus a potential option to minimize fire-side tube fouling in boilers.
The purpose of the present investigation is to study the feasi­
bility of removing sodium and other ions from the lignite by H+ in 
aqueous H^SO^ solution using a continuous countercurrent unit. This 
was studied as a function of the solid residence time, initial acid 
concentration, solid particle size and solid/liquid mass ratio.
II. PREVIOUS EXPERIMENTAL WORK
The exchange of sodium from lignite by various ions has been in­
vestigated previously in batch (_5 3 and continuous (8) systems.
In batch systems, the lignite was treated with aqueous solution of an 
electrolyte for a given contact time. In continuous systems, the lig­
nite and the electrolyte solution were contacted in a countercurrent 
manner.
Many coals, including lignite, act as cation exchangers since 
they contain carboxylic and possibly other weak-acid groups. Sodium, 
potassium, calcium, magnesium and to a lesser extent aluminum and iron 
exist in lignite as salts of carboxylic or humic acids, and hence are 
exchangeable since they ionize in aqueous solutions. Exchange ions 
from aqueous solutions can diffuse through the pores and capillaries 
of lignite to replace sodium and other cations present in the lignite.
The ease of replacement of the cations on the lignite was found to be: 
Na+> K +>Mg+ > Ca++> Al+++> Fe+++>H (J_0>J_2 > 1_3) • This is as expected
according to their size and valence, except for H+. Hydrogen ion has a 
marked attraction for the oxygen atom of the carboxyl group and is 
difficult to exchange (22), The other cations form strong electrolytes 
with carboxyl group and do dissociate and are easily replaced by hydrogen 
and other cations
Calcium, magnesium, iron, aluminum and hydrogen were the principal 
cations used in ion exchange studies to remove Na+ from lignite, hydrogen 
being by far the most effective. The relative efficiency of exchange 
cations increased with increase in the positive charge, H+ being the 
most efficient. Monovalent ions were replaced readily by divalent and
3
Atrivalent ions and likewise divalent ions were replaced easily by tri— 
valent ions (10).
Previous batch studies on the ion exchange of sodium from lignite
used distilled water, tap water and various aqueous electrolyte solutions
(_5 ,JL0 ,_1_1). Residence time, particle size, solution concentration, liquid
to lignite mass ratio, and moisture content of the lignite were the
variables studied. Some of the results of these studies were: (a) sodium
was the easiest cation to replace in the lignite; (b) ionic solutions
were more effective than distilled water in removing sodium indicating
that sodium in the lignite was not water-soluble; (c) for near complete
exchange of the sodium a solution concentration greater than 0.5 ionic
strength was not needed, even for high sodium lignites; (d) the exchange
of sodium was most effective with small particle sizes; (e) neither
increasing the liquid to lignite ratio nor prolonging the residence
time were very effective in increasing the removal of sodium once apparent
equilibrium was attained; and (f) for moisture content of less than
20 percent, the rate of sr>dium removal was extremely slow due to size
contraction and permanent pore size reduction.
y mThe effectiveness of solid residence time, solution concentration,
/ _ . . . # ^different cations, liquid to lignite ratio, particle size, lignite
moisture content and recycling of spent solution in the removal of 
sodium from lignite were investigated in a continuous countercurrent 
system (8). Various salts and oxides of calcium and dilute concentrations 
of l^SO^ were used. Results from this investigation support the findings 
of the batch systems. Among the solutions studied, l^SO^ and CaC^ 
were found to be the two most effective (J3). Successive recycling of 
the spent solution rapidly reduced the sodium removal as more and more
5sodium was added to the lignite by exchanging with other cations present 
in the lignite.
III. GENERAL OVERVIEW OF ION EXCHANGE
A. HISTORICAL ACCOUNT
In the early part of the nineteenth century, Sir Humphrey 
Davy and others studied the ability of clays and other soils in 
adsorbing the soluble components of manure liquors (_14). Ion ex­
change received scientific recognition in 1850 when H.S. Thompson 
and J.H. Way, English soil chemists, rediscovered ion exchange in 
soils. They discovered independently that when a soil was treated 
with either (NH^^SO^ or (NH^^CO-}, most of the ammonia was adsorbed 
and calcium was released into the solution (15). Though Thompson 
and Way are credited for the discovery of the phenomenon of ion 
exchange, in 1833 Fuchs reported that certain clays released potassium 
and sodium when treated with lime and Graham found that carbon ad­
sorbed silver from a solution of AgNO^ (14).
In 1876 Lemberg identified clays, zeolites, glauconites and 
humic acids as materials useable for ion exchange (jji) . Attempts 
followed Lemberg's work to use these materials in water softening 
and to synthesize products with similar properties.
Harm and Rumper prepared the first synthetic industrial ion 
exchange in 1903.. Until 1935 when Adams and Holmes developed syn­
thetic organic exchangers in England, ion exchange was used on an 
industrial scale solely for water softening (15). The improved 
properties of synthetic organic exchangers and advanced ion exchange 
technology are responsible for establishing ion exchange as a unit 
operation.
6
7Ion exchangers are insoluble solids which carry exchangeable 
positive or negative ions. When an ion exchanger is in contact 
with an electrolytic solution there will be a reversible exchange 
of stoichiometrically equivalent ions between the exchanger and 
the solution. Cation exchangers are capable of exchanging cations 
or positively charged ions while anion exchangers are capable of 
exchanging anions or negatively charged ions. Many substances in­
cluding phosphates, humus, cellulose, protein, carbon, resins, coals, 
living cells and many minerals exhibit the property of ion exchange.
Ion exchange is generally a reversible process. A cation 
exchange that has been depleted can be regenerated by contact with 
a solution of the cation. Ion exchange is also stoichiometric, that 
is, for every equivalent of the exchanging ion taken up by the ex­
changer, an equivalent is released from the exchanger (15).
Many coals contain carboxylic and other weak acid groups. 
Attached to the carboxylic acids in the form of salts are alkaline 
metals such as sodium, calcium and magnesium. These metals are 
ion exchangeable when the coal is in contact with an aqueous electro­
lytic solution. Thus, coals like lignite serve as cation exchangers 
with or without being treated with solutions of different salts to 
stabilize them before use ( 16 ) .
Both natural and synthetic exchangers are used today. The 
most common and important ones include ion exchange resins, ion 
exchange coals, mineral ion exchangers, and synthetic inorganic ion 
exchangers (14). All possess the same general structural framework 
but each has its own unique behavior. Among numerous industrial uses
B. BASIC PRINCIPLES OF ION EXCHANGE
8of ion exchange, the two foremost are water treatment and chemical 
processing.
IV. KINETICS OF ION EXCHANGE
A. MECHANISM OF ION EXCHANGE
The design and sizing of ion exchange equipment require data 
pertaining to the ion exchange kinetics, an area that is not well 
developed and confined almost exclusively to simple ideal systems.
Ion exchange is basically a diffusion process, and the basic mechan­
ism is a redistribution of an equivalent amount of counter ions by 
diffusion (_18). Counter ions are those ionic species that move from 
the ion exchanger into the solution and vice versa. Electro-neutral­
ity restricts counter ion diffusion and is preserved when charge trans- 
fer by counter ion A is balanced by equivalent charge transfer by 
counter ion B.
B. RATE CONTROLLING STEPS
Lignite has a porous structure and acts as a cation exchanger. 
During ion exchange there will be a two-way diffusion in the lignite 
and the aqueous electrolytic solution. The ion exchange process 
can be broken up into the following steps: (a) diffusion of exchange 
ion from the bulk of the liquid to the external surface of the 
solid exchanger particle; (b) diffusion of exchange ion through the 
pores and capillaries of the solid particle to the site of exchange;
(c) exchange of ions; (d) diffusion of the released ions to the sur­
face of the solid through the pores and capillaries of the particle 
and (e) diffusion of the released ions from the surface of the 
solid to the bulk of the liquid (17). Reaction at the solid surfaces 
/step (c)y is extremely rapid and the resistance due to this step 
will generally be negligible (18, _^9). The potential rate-determining
9
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steps are external (film) diffusion involving steps (a) and (e) 
and internal (particle) diffusion involving steps (b) and (d).
Film diffusion occurs essentially in an adherent stagnant liquid 
boundry layer for mass transfer while particle diffusion takes place 
within the pores and capillaries of the particle.
In ideal film diffusion control, concentration gradients occur 
in the liquid film as particle diffusion is faster than film dif­
fusion. Conversely, in ideal particle diffusion controlling mecha­
nism, concentration gradients develop in the particle since diffusion 
in the film is very rapid. As film and particle diffusion follow 
each other, the slower of the two is rate-’controlling. Both rate­
controlling steps are governed by exchanger properties and by operat­
ing conditions. A dimensionless modules developed by Helfferich
theoret i c.a 11 y predicts the rate--controlling step (20):
CD# (5 
CDr0 + 2<W
« i particle-diffusion control (1)
» i film-diffusion control (2)
♦
interme di ate (3)
where C = concentration of fixed ionic groups in lignite, meq/ 
cm2;
OC = bulk concentration of solution, meq/cm ,
D = interdiffusion coefficient in the particle, cm'Vsec; 
rQ = particle radius, cm;
O- film thickness, cm;
and CKa /B = separation of factor, dimensionless.
Separation factor is the preference of the ion exchanger for one
of the two counterions.
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The experimental method for distinguishing 
and film diffusion is the "interruption test," in 
is briefly stopped by removing the particles from
between particle 
which diffusion 
the solution (20).
With particle diffusion control the exchange rate is higher upon 
reimmersion since internal concentration gradients have had time to 
level out. Helfferich (19) outlines some of the general rules for 
the dependence of the ion exchange rate on various factors.
RATES OF ION EXCHANGE
The kinetics of liquid-solid ion exchange are generally des­
cribed by either empirical rate equations or fundamental diffusion 
equations. Most of these equations are applicable only to binary 
batch systems, although their modifications under ideal limiting 
conditions are applicable to multicomponent semi-continuous and 
continuous systems. The theoretical treatment of ion exchange 
kinetics assumes the ion exchanger to be a quasi-homogeneous phase 
in order to bypass the inhomogeniety in the molecular and geometrical 
structure of the ion exchanger (20). The prediction of the rate of 
ion exchange involves solving the differential diffusion equations 
for a homogeneous phase under appropriate boundary conditions.
Fick1 s first law wi th a constant interdi ffus ion coefficien
can be used to describe a parti c le d if fus ion and a film diffus ion
contro1 process (20) :
JA = -D grad ^A part ic 1 e d i ffus i on (4)
JA = I)Aca /c$ film di f fusi on (5)
whe re JA = the mass flux of th e d i f f u sing species A, mmole
r\cmz/sec;
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CA = concentration of species A; meq/cm ; 
and = concentration difference between the boundaries of
the film, meq/cm2.
Quantities with bars refer to the interior of the exchanger. This 
approach is valid for isotopic exchange in equilibrium and for ion 
exchange of counter ions of equal mobility. Equation 5 assumes 
diffusion across the film is quasi-stat ionary and one dimensional.
The Nernst-Planck equation takes into account the electrical 
potential gradients, and relates the mass flux JA of species A to 
its concentration CA , the electric potential (p (ergs/coulomb) and 
the chemical valence ZA according to the following equation (20):
JA = ’dA (grad CA + ZACA F_ grad {3) ( 6 )
RT
where F = Faraday constant, coulomb/mole;
R = gas constant, erg/mole/deg; 
and T = absolute temperature, degrees.
For particle diffusion control with the assumptions, (a) that 
the total counter ion concentration must remain constant and equal 
to the concentration of the fixed ionic groups and, (b) that the 
fluxes of the counter ions A and B in the opposite directions must 
equal in magnitude (_1_8) , the Nernst-Planck equations for A and B can 
be combined to obtain:
JA
where
-D grad CA
.2 2 cB n  )D = DA DB (Z A _ V  Z uC
Z2 U 15 + Z2 C DA A A  B B B
(7)
(8)
Equation 7 reduces to 4 when the ions are of equal mobility or when 
the concentration of one counter ion is very much smaller than the
13
other. The interdiffus ion rate is thus controlled by the ion 
which is in the minority as D assumes the value of for C^ <<fCg 
and that of for C^ .
In limiting ideal systems where film diffusion is rate con­
trolling, the diffusion coefficient can be assumed to be constant 
( 20) .
The flux equations with the continuity condition give 
the time dependence of concentration for particle diffusion and 
film diffusion control for a spherical geometry as follows (23):
dt
r0C
where r = distance from particle center, cm;
C'^ = concentration at ion exchanger - film interface, 
qmeq/cm ;
Oand C = + Cg, meq/cm .
The solutions of equation 9 and 10 under the infinite solution
volume condition are equations 11 and 12, respectively (20).
F(t) = /I - exp (-DtTI^/r^)/^^ (11)— o —
F(t) = 1 - exp (-3DC t / r D<Jc) (12)
The fractional attainment of equilibrium F(t) is the amount of 
counter ion left in an ion exchanger when equilibrium is reached.
The time required to achieve 30 percent conversion by 
ion exchange, calculated from equations 11 and 12 are:
(13)tl/2
14
0.030 rQ2 
D
t  = ° -  23  r 0<£  C
1/2 DC (14)
In part i. c 1 e di ffusion control the relat ive rate of exchange is seen
to be directly proport ional to the interdiffusion coefficient and
inversely proportional to the square of the part icle radius. The
re lat ive rate of exchange in film diffusion control varies directly
with the diffusion coefficient and the concentration of the solution
and i nverse ly with the partic le radius, the film thickness and the
counter ion concentrat ion in the partic le.
The film thickness can be approximated by the following empir
i ca 1 relation (20):
6=  .20ro/( 1 + 70roV ) (15)
where \)= liquid flow rate/cross se ct iona1 area, cm/sec.
This approx imation is for columns wi th spherical ion exchangers and
for low flow-rates.
The fractional attainment equations are convenient to use 
but should be used carefully considering the assumptions upon which 
their derivations are based. For ion exchangers with selectivity 
and ions of different mobilities, the instantaneous rate of overall 
ion exchange process can be approximated by empirical equations which 
assume a linear driving force relation (18,21).
V. EQUIPMENT, TEST AND ANALYSES
A. EQUIPMENT DESCRIPTION AND OPERATIONAL PROCEDURES
The countercurrent ion exchange unit consisted of a carbon 
steel auger 2-1/8 inches in diameter mounted inside an inclined 
hollow plastic tube 15 inches long. The auger moved the lignite 
through the hollow tube. Lignite from a small hopper was fed by a 
metered feed auger through a vertical tube into the lower part of the 
ion exchange unit. Dilute l^SO^ was introduced through one of four 
outlets along the hollow tube. Lignite and solution were contacted 
in a countercurrent manner. Figure 1 is a schematic drawing of the 
ion exchange unit.
The number of auger revolutions between the inlets of the 
lignite and l^SO^ solution times the period of rotation of the auger 
that moved the lignite through the hollow tube defines the residence 
time. By varying the rotation of the auger and keeping all other 
experimental conditions constant, residence times of 10.22, 20.44, 
51,1 and 102.2 minutes were obtained.
The lignite feed rate remained at 12.13 g/min while the solu­
tion flow rate varied from 12.06 ml/min to 48.56 ml/min to obtain 
solid/liquid mass ratios of 1/1, 1/2, 1/3 and 1/4.
Processed lignite and spent solution were discharged at the 
upper and lower ends of the hollow tube, respectively. The processed 
lignite was then filtered, washed with distilled water and dewatered 
on a Buchner funnel. The spent solution was also filtered to 
separate the fine lignite carry-overs from the effluent. Samples 
were collected at 10 and'20 minutes to ensure steady state, operation.
15
FIGURE 1 - SCHEMATIC OF ION EXCHANGE UNIT
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Some samples were run in duplicates to insure that the data was 
reproducible.
B. STANDARD TEST METHODS
The size distribution of the lignite was determined using a 
CENCO-MEIZNER Sieve shaker with a bracket. A sample was weighed 
into the top of a sieve screen deck and agitated through a series 
of sieve screens of mesh size 10 and 48 Tyler Scale for about ten 
minutes. The sieve screens were weighed at the end of the agitation 
period and the weight percent of lignite passing and on each sieve 
was computed.
Standard ASTM procedures were used to prepare and standardize 
H2S0l!( solutions and to analyze "as received" and dewatered processed 
lignite for moisture and ash. The pH of effluent solutions was 
measured with a Beckman Zeromatic pH meter.
The lignite ash was analyzed for the inorganic constituents by 
a standard procedure. A 0.1 g of sample of ash and 0.6 g of LiB02 
were weighed and mixed in a graphite crucible. After careful mixing, 
the crucible was placed in a muffle furnace and heated slowly until 
the temperature reached 1790°F. After 15 more minutes of firing, 
the fused sample was allowed to cool and form a pellet. The pellet 
then was dissolved in 40 ml of 8/1 distilled water/HNOg solution. 
After dissolution the solution was diluted with distilled water to 
100 ml.
This solution was analyzed for sodium, potassium, magnesium, 
calcium and aluminum by Atomic Absorption Spectroscopy (AA). A 
Perkin-Elmer model 303 Atomic Absorption Spectrophotometer equipped 
with Perkin-Elmer model 303 Burner Regulator supplying CgHg, C2H2,
18
N^O and air, and a model DCR1 Concentration Readout were used. The 
effluent solution was also analyzed by AA technique for the same 
elements.
Appropriate standards were prepared by dilution from 1000 
parts per million (ppm) reference standards. The operation and 
procedure utilized for AA were standard manufacturer's recommended 
procedure (23).
C. ANALYSIS OF TEST LIGNITE
The lignite used for this project was obtained from the South 
Mine of the Knife River Coal Mining Company, Beulah, North Dakota. 
Proximate analysis of this lignite is given in Table 1. Percent 
fixed carbon and volatile matter are determined by difference.
Table 2 contains the ash analysis of the lignite. Size distribution 
of the lignite screened between -10 mesh and +48 mesh Tyler Scale 
is given in Table 3.
TABLE 1 - PROXIMATE ANALYSIS OF AS-RECEIVED 
LIGNITE
%
Moisture 28. 7
Ash 9.5
Fixed carbon and volatile matter 61.8
100.0
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TABLE 2 - ASH ANALYSIS OF LIGNITE^
TABLE 3 - SIZE ANALYSIS OF AS-RECEIVED 
LIGNITE
b/ Tyler Scale
VI. RESULTS AND DISCUSSION
A. GENERAL
Experiments were performed varying (a) solid residence time 
from 10.22 to 102.2 minutes; (b) solid/liquid mass ratio from 1/1 
to 1/4; (c) initial l^SO^ concentration from 0.04131 N to 0.8092 N; 
and (d) solid particle size from -10 mesh to +48 mesh (Tyler Scale). 
All tests were perfor-med at an average ambient temperature of 23°C. 
The results, which include the percent of the. various cations re­
maining in the processed lignite., the composition of the effluent 
solution, and the material balance closures, are tabulated in 
Tables 4 to 7 respectively for each of the above variables.
The effluent solution from the ion exchange unit contained, 
on the average, about 10 percent of the original lignite carried 
over as fines. The mass ratio of carry-over solids/effluent solution 
for most runs averaged 1/65. The pH of the effluent solution was 
greater than 4, except in two cases where the H2S0  ^ concentration 
was greater than 0.1118 N. This indicated negligible free H+ in 
the effluent.
Raw data obtained for varying solid residence time, solid/ 
liquid mass ratio, initial H2S0  ^ concentration and solid particle 
size is indicated in Tables A-l to A-4 respectively in Appendix A. 
They include percent moisture-free (MF) ash, the ppm of the cations 
in the moisture-ash-free (MAF) coal and the percent metal oxides in 
the ash.
The percent cation remaining in lignite after ion exchange 
was calculated as the ratio of the mass of cation in the processed
20
TABLE 4- ANALYSIS OF LIGNITE AFTER ION EXCHANGE AND COMPOSITION OF EFFLUENT SOLUTION FOR VARYING RESIDENCE TIME
P a r t i c le  S ize  Range = -1 0  x +48 mesh 
Solid /L iquid  Mass Ratio = 1 / 2  
Concentration of Input ^ S O ^  = 0.1118 N.
Residence
Time
Minutes
Percent Cation Remaining In L ig n ite  
Percent A fte r  Ion Exchange (MAF) E ff lu e n t  Concentration In ppm and pH Ma t e r i a l  Balance, Percent
Moisture Ash (MF) Na K Mg Ca A1 Na K Mg Ca A1 pH Na K Mg Ca A1
10.22 40 .0 6 .1 23.9 36.1 . 76.7 83.5 100.0 1750 19 .0 175 340 0 5 .7 88.6 ■ 46 .2 92 .8 90 .3 8 4 .0
20.44 40 .3 5.2 12.4 23.5 45.1 65.7 100.0 1950 16.8 172 367 0 5 .5 87.7 59 .1 97 .8 91.2 94.8
51.1 41.7 7.4 4 .9 16.7 36.0 48.5 100.0 2270 13 .0 233 600 0 6 .1 91 .5 36.3 71.5 75 .8 94.2
102.2 38.6 5 .6 4 .1 1 3 .0 24 .3 35.9 8 2 .8 2500 13 .0 450 950 1 .0 4 .9 95.7 20 .2 68 .5 55.3 82.9
TABLE 5- ANALYSIS OF LIGNITE AFTER ION EXCHANGE AND COMPOSITION OF EFFLUENT SOLUTION FOR VARYING SOLID/LIQUID MASS RATIO
P a r t i c le  Size Range = -1 0  x +48 mesh 
Residence Time = 20 .44  minutes 
Concentration o f  Input ^ S O ^  = 0.1118 N. *
Solid/Liquid 
Mass Ratio Percent
Percent Cation Remai 
A fter Ion Exchan
ning In L ig n ite  
ge (MAF) E f f lu e n t  Concentration In ppm and pH M ateria l  Balance, Percent
Moisture Ash (MF) Na K Mg Ca A1 Na K Mg Ca A1 pH Na K Mg Ca A1
1/1 43.0 8 .6 18.7 21.8 47 .5 69.6 100 1843 16 169 329 0 5 .6 60 .0 40.4 71.6 88 .9 93 .4
1/2 40 .3 5 .2 12.4 23.5 4 5 .1 67.6 100 1752 14 155 422 1 5.5 87.7 59 .1 97 .8 91 .2 94 .8
1/3 41.4 8 .3 9 .6 24.5 42 .6 65.7 100 1347 11 184 417 2 4 .7 90.5 * 75 .0 80.4 96 .3
1/4 38.9 5 .6 9 .8 13.8 4 2 .0 64.6 99.9 1080 * 224 493 2 4 .7 87.5 * 82.5 83.4 9 1 .3
* Incomplete a n a ly s is
TABLE 6- ANALYSIS OF LIGNITE AFTER ION EXCHANGE AND COMPOSITION OF EFFLUENT SOLUTION FOR VARYING ACID CONCENTRATION
P a r t i c l e  S iz e  Range = -1 0  x +48 mesh 
Solid /L iqu id  Mass Ratio  = 1 / 2  
Residence Time = 20 .44  minutes
H2S04
Concentra­
tion
Normality 
x 100
Percent
Percent Cation Remaining In L ig n ite  
A fter  Ion Exchange (MAF) E f f lu e n t  Concentration In ppm and pH M ateria l  Balance, Percent
Moisture Ash (MF) Na K Mg Ca A1 Na K Mg Ca A1 pH Na K Mg Ca A1
0** 39.0 10.4 7 6 .0 44 .5 100 99 .8 100 .0  | 634 * 5 12 0 6 .6 99 .8 * 96 .0 9 9 .J 94 .4
4.131 39.5 9 .9 28.3 46 .5 94.6 99 .2 100 1235 9 21 47 0 6 .5 90.5 75 .0 96 .5 100.1 81 .8
23.734 40 .3 8 .9 8 .2 20.9 59.1 64 .0 100 2150 23 340 609 0 5 .5 95.1 36.3 89.4 95.4 98.9
46.51 38.5 6 .3 6 .0 9 .3 47.6 53.6 81 .7 1962 25 600 633 128 2.1 84 .5 35.2 79.5 9 3 .0 86.1
80.92 38.1 4 .7 3 .2 23.3 3 .4 23.2 57 .7 2553 34 578 700 274 1 .7 96 .4 57 .6 107.0 94.4 91 .6
* * D i s t i l l e d  Water 
*  Incomplete Analysis
TABLE 7- ANALYSIS OF LIGNITE AFTER ION EXCHANGE AND COMPOSITION OF EFFLUENT FOR VARYING PARTICLE SIZE
Concentration of Input HjSO^ = 0 .1118  N. 
Residence Time = 20.44 minutes 
Solid /L iqu id  Mass Ratio = 1/2  *
P a r t i c le  
S iz e ,  Mesh Perc ent
Percent Cation Remaining In L ig n ite  
A fter  Ion Exchange (MAF) E ff lu e n t  Concentration In ppm and pH M ateria l  Balance, Percent
Range Moisture Ash (MF) Na K Mg Ca A1 Na K Mg Ca A1 pH Na K Mg Ca A1
-1 0  x +14 35.2 5 .2 9 .3 11.1 57.5 73.9 100 257 * 148 712 3 4 .5 93.2 * 65.7 90.7 68 .8
-1 4  x +20 36.6 4 .6 8 .3 8 .2 54.7 6 6 .1 100 608 10 250 733 7 4 .5 103.2 53.6 116.1 84 .4 113.2
-2 0  x +28 36.2 4 .6 2 .8 8 .5 45.3 40 .1 99 .1 1389 14 200 469 3 5 .7 54.4 23.1 102.7 65.3 83 .3
-2 8  x +35 40 .0 5 .5 5 .0 11 .0 35.8 6 1 .9 99 .9 1800 * 690 1270 2 6 .3 88 .3 * 93 .6 91 .9 7 9 .0
-3 5  x +48 49 .0 6 .0 5 .3 11.9 27.5 57.7 99 .8 1922 * 760 1580 4 ** 87 .5 * 90 .3 9 3 .3 90 .5
* *  Not Measured 
*  Incomplete Analysis
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lignite per mass of MAF lignite to the mass of cation in original 
lignite per mass of MAF lignite. Material balances for each ionic 
species around the ion exchange unit was made for a steady state 
operation. The material balances for potassium were generally poor. 
This is due to very low concentration of potassium present in the 
original lignite. This leads to low levels of potassium which are 
very close to the detection limits on the atomic absorption unit, 
in the processed lignite and the effluent. The measurements for potas­
sium are thus affected by the scatter of the machine.
Sample calculations are shown in Appendix C for calculating 
percent cations remaining in the lignite and the material balance 
closures from the data in Tables A-l to A-4.
The ease of removal of the various cations from the lignite 
for all runs were found to be: Na+ > K+> Mg++> Ca++> Al+++. This 
is to be expected since the diffusion of ions from the lignite de­
pends on the size and valence of the species among other factors 
as mentioned previously (2C),_24) • The mobilities of species in ion 
exchangers normally decrease with increasing size and valence. The 
retardation of movement through pores and capillaries is also strong­
er for polyvalent than for monovalent ions.
Ash content of the processed lignite decreased for all runs 
from an average value of 11.4 percent (dry basis) in the original 
lignite to as low as 4.7 percent (dry basis), a decrease of 41 per­
cent. The moisture content of the processed lignite from the ion 
exchange unit was approximately 50 percent. This was reduced to 
40 percent by dewatering the product on Buchner funnel.
26
B. SOLID RESIDENCE TIME
The influence of solid residence time on the removal of 
sodium and other cations from lignite is shown in Figure 2. It can 
be seen from this figure that sodium is the easiest cation to ex­
change. The sodium content of the lignite decreased rapidly as 
residence time was increased from 10.22 to 51.1 minutes. For times 
greater than 5 minutes, no further reduction in sodium content was 
achieved. This would indicate that the sodium content approached 
equilibrium values. Similar results were, obtained for potassium 
removal.
Significant reductions in magnesium and calcium content 
occurred for residence times greater than 3 minutes. This implies 
that once the monovalent cations content in the lignite reaches equili­
brium values, then the divalent ions start to exchange with H+ at a 
faster rate. The concentration of divalent cations in the lignite 
will also reach equilibrium given sufficient time. No appreciable 
reduction in aluminum was obtained for residence times less than 
ten minutes. Aluminum exists in lignite mainly as alumino-silicates, 
an inorganic mineral which is difficult to ion exchange (2).
The composition of various ions in the effluent is plotted 
as a function of solid residence time in Figure 3. The total cation 
concentration (iron-free) is plotted against residence time in 
Figure 4. As can be seen from Figure 3, the cation concentrations 
increased with time reaching maximum values at ten minutes residence 
time. The contribution of sodium to the total cation concentration
in Figure 4 decreased with time while those of magnesium and calcium 
increased. The time needed to reach equilibrium during ion exchange 
by sodium is shorter than that needed by magnesium or calcium and
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FIGURE 2 - CATION REMAINING IN LIGNITE AS
A FUNCTION OF RESIDENCE TIME
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FIGURE 3 - CATION CONCENTRATION IN EFFLUENT AS
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hence, the fraction of sodium in the effluent will decrease with 
residence time while that of either magnesium or calcium increases.
Potassium made up less than a percent of the total cation 
concentration for all runs. The presence of aluminum was not detected 
in the effluents until 51.1 minutes residence time.
The material balance percent closures from 100 for Na+, K+,
Mg++, Ca++, and Al+++ on the average were 9, 60, 17, 22, 11, respec­
tively. Except for K+ and Ca++, the rest showed good experimental 
accuracies.
C. SOLID/LIQUID MASS RATIO
The effect of decreasing the solid/liquid mass ratio was to 
increase the availability of H+ for exchange. Figure 5 is a plot 
of percent removal of the various ions as a function of solid/liquid 
mass ratio. Decreasing the. solid/liquid mass ratio from 1/1 to 1/3 
has a slight effect on increasing the sodium removal. Further de­
crease in the solid/liquid ratio does not achieve any further reduc­
tion in sodium content. The reduction in potassium follows a similar 
pattern.
The magnesium and calcium content of the lignite decreased 
very slightly with solid/liquid mass ratio decreasing from 1/1 to 
1/4. The relative, decrease was about five percent. The removal of 
aluminum in the range of solid/liquid mass ratios studied was less 
than one percent.
These observations qualitatively lead to the conclusion that 
solid/liquid mass ratio may not be a factor for values less than 1/2.
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SOLID TO LIQUID MASS RATIO
FIGURE 5 - CATION REMAINING IN LIGNITE AS A FUNCTION OF 
SOLID TO LIQUID MASS RATIO
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The concentrations of the cations in the effluent are plotted 
as a function of solid/liquid mass ratio in Figure 6. The concentra­
tion of Na in solution reached a maximum value when solid/liquid ratio 
was decreased to 1/2. This agrees with the fact that approximately 
the same amount of sodium is present in larger quantities of solution 
as solid/liquid mass ratio decreased from 1/1 to 1/4. Potassium 
in the solution reached a maximum concentration for 1/1 and then 
decreased. There was no detectable amount of A1 in any of the 
effluents.
• + + •The concentration of Mg and Ca in the effluent increased
as solid/liquid mass ratio decreased. This^is consistent with the 
fact that increased amounts of calcium and magnesium are removed 
at decreased solid/liquid ratios.
The total iron-free cation concentration as a function of 
solid/liquid mass ratio is given as Figure 7. When one compares 
Figures 6 and 7, the contribution of Na to the total concentration 
is clearly seen. The fraction of Mg++ and Ca++ in the total cation 
concentration increased as solid/liquid mass ratio increased.
Potassium was a minor contributor to total concentration for all 
runs.
The percent closures for the material balances of sodium, 
potassium, magnesium, calcium and aluminum were obtained as 18, 50,
18, 14, and 6, respectively.
D. SULFURIC ACID CONCENTRATION
To investigate the influence of l^SO^ concentrations on 
sodium removal runs were made with solutions varying from deionized
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distilled water to 0.8092 N t^SO^ solution. Figure 8 is a graph of 
the percent removal of various ions plotted as a function of input 
solution concentration. Distilled water produced a 24 percent re­
duction for Na and no reduction for Mg++, Ca++ and Al+++. A 55.5 
percent reduction in K+, which was more than twice the value for 
Na+, was observed. This particular result seems to be in error.
All other data indicated a higher reduction for Na+ than for K+ under 
similar experimental conditions.
The small percentage reduction of sodium using distilled water 
implies that distilled water is not an effective ion exchange medium 
since it lacks any significant amount of free exchangeable ions. A 
prolonged contact between distilled water and lignite and a large 
1iquid/lignite ratio may eventually produce a marked reduction in 
sodium under a fixed bed system.
A progressive removal of the cations from lignite with increase 
in acid concentration was observed. The amount of sodium and potas­
sium removed increased as the H2SO4 concentration increased reaching 
a limiting value for 0.4651 N l^SO^. The removal of magnesium and 
calcium progressed rapidly once the limiting values for sodium and 
potassium were reached.
No reduction in the aluminum content of lignite was observed 
until a concentration of 0.4651 N was used. Further increase in 
acid concentration showed a marked increase in the removal of alumi­
num from lignite. These results verify the fact that monovalents 
are exchanged first, followed by the divalents and trivalents.
The concentration of the cations in the effluent solution 
are plotted as functions of acid concentration in Figure 9. The
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FIGURE 9 - CATION CONCENTRATION IN EFFLUENT AS A FUNCTION 
of h2so4 CONCENTRATION
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concentrations of all the ions in the effluent increased with increase 
in solution concentration reaching maximum values at acid concen­
tration of 0.8092 N. These observations are consistent with the 
fact that the removal of the cations from the lignite increases 
with the strength of the treating solution.
Figure 10 shows the total iron-free cation concentration in 
the effluent against solution concentration. The fraction of sodium 
in the effluent was highest for the distilled water run but decreased 
gradually as acid concentration increased while the contribution of 
Mg++ and Ca++ concentration increased. The amount of K present 
in any effluent was negligible. The percentage of Al+++ even for 
the two most concentrated runs was comparatively low. Since sodium 
is the easiest to replace, relatively low concentrations are effec­
tive in removing it from lignite but high concentrations will be 
required to replace magnesium and calcium. This fact is confirmed 
by the results obtained.
The material balance closures for this series of runs are 
the best as can be seen from the average percent closures from 100 
for the ions involved, except for K+: Na+ - 6.7, K+ - 49, Mg++ - 
9, Ca++ - 3.5, Al+++ - 9.4.
E. PARTICLE SIZE
To determine the effect of particle size on ion exchange, 
lignite screened into -10 mesh x +14 mesh, -14 mesh x +20 mesh,
-20 mesh x +28 mesh, - 28 mesh x +35 mesh and -35 mesh x +48 mesh 
(Tyler Standard Screen) was used. The percent removal of the various 
ions is plotted as a function of mean particle size in Figure 11.
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FIGURE 11 - CATION REMAINING IN LIGNITE AS A FUNCTION 
OF PARTICLE SIZE
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The removal of sodium and other cations increases with decrease, 
in particle size. For all particle sizes considered, a 90 
percent or better reduction of sodium and potassium in the lig- 
nite was observed. For the range of -20 mesh x +28 mesh, the 
sodium left in the lignite was observed to be below the values 
obtained for -28 mesh x +35 mesh and for -35 mesh x +48 mesh.
This is likely to be in error since it is the reverse of what it 
should be.
Significant reductions in magnesium content of the lignite 
occurred for the ranges of -20 mesh x +48 mesh. The removal of 
calcium from the lignite for the -20 mesh x +28 mesh was higher 
than the removal observed for -28 mesh x +35 mesh and -35 mesh 
x +48 mesh, another result that is definitely in error. The 
maximum reduction in calcium content was less than 40 percent.
There was no reduction in the aluminum content of the lignite.
The results of particle size runs point out the fact that 
as particle size increases, the length of the capillaries that 
lead to the interior of the lignite particle will also increase 
increasing the diffusion path and tending to decrease the amount 
of ion removed in a given time. Thus, the use of larger particles 
for ion exchange wil.1 definitely require longer residence time 
to achieve the same degree of cation reduction in smaller sizes 
under identical experimental conditions.
Figure 12 is a plot of the effluent concentrations of the 
various ions as a function of the particle size. The concentrations 
of Na+, Mg++ and Ca++ increased with decrease in particle size and
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reached maximum values for the smallest particle size used. This 
implies that the rate of removal of the cations from the lignite 
is much faster for smaller particle sizes as the distance of diffusion 
is shorter than for larger ones under the same given time. The 
total iron-free cation concentration is given in Figure 13 as a 
function of particle size. Sodium, calcium and magnesium, in that 
order, made the largest contributions to the total effluent concen­
tration. Some effluents were not analyzed for K+ and its contribu­
tion to total concentration was not determined. Aluminum in all 
effluents was quite negligible.
The percent material balance closured from 100 were 16 for
• + * 4“ *4**4- + + - 4*Na , 14 for Mg , 15 for Ca and 18 for A1 . These were reason­
ably good reflections of the dependability of the experimental and 
analytical procedures within limits.
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VII. THEORETICAL CORRELATION
A. GENERAL
Experimental results discussed in the previous section indi­
cated that the removal of sodium and other cations from lignite by 
ion exchange is a function of the solid residence time, the initial 
solution concentration, the solid/liquid mass ratio and the particle 
size. These experimental conditions and the fact that the solutions 
used were dilute and the agitation was insufficient (2C)) favor 
film diffusion control over particle diffusion control as the rate 
controlling step as indicated by equations 11 and 12. Therefore, 
film diffusion is postulated to be the rate controlling step for the 
exchange of sodium from lignite by H+ in the continuous counter- 
current unit used. However, it is to be noted that a sharp limit 
between particle and film diffusion does not exist and both mechanisms 
may play important roles during the exchange process. In fact, 
Helfferich points out that every ion exchange is film-controlled 
during an initial period and the tendency towards particle diffusion 
control increases gradually (2C)), The residence times used, except 
for two runs, were 2 minutes and under and it is most likely that 
film diffusion would be the rate controlling step.
Equation 12 for film diffusion control was derived for infin­
ite solution volume, complete conversion, counter ions of equal 
mobility, and no ion selectivity. None of these assumptions can be 
taken to be true for the exchange of Na+ and H+ in the countercurrent 
unit used.
The independent variables in equation 12 are t, c, l/rQ and 
1/tf • The film thickness is dependent on solid/liquid mass ratio.
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The values of D and C were calculated, as shown in Appendix C and 
substituted in equation 12 to give equation 16 which was subsequently 
used to predict sodium remaining in the lignite after ion exchange.
F(t) = 1 - exp(-1.964 x 10“5 Ct/r0<f) (16)
B. LINEAR LEAST-SQUARES FIT
The least-squares fit determines the "best fit" of an assumed 
implicit linear or non-linear function to experimental data by 
minimizing' the sum of squares of the deviations in the y direction 
of the data points (Xi, Yi) from the most probable curve (2j>) . Based 
on the plots of the experimental results for the removal of sodium 
and from theory, an exponential function defined by equation 17 was 
postulated to give the best fit for the data.
Y = exp(-k xa  ^x^2 x°3 x^) (17)
where Y = percent sodium removed from lignite;
*1 = t, seconds;
x2 = solid/liquid ratio P, dimensionless; 
x3 = C, meq/cm^; 
x4 = l/ro> cm-1; 
a, b, c, d, and k = constants.
Equation 18 defines another possible function that can be used to 
find the best fit for the data. It is based on an empirical regres­
sion fit.
Y = (m x^ x"3 x*1^ ) (exp - x^/e) (18)
where e, f, g, h, and m = constants.
A one and two-step logarithmic transformations were used to linearize 
equations 17 and 18. Data for a linear multiple linear regression
47
between the dependent and independent variables were generated from 
Tables 4 to 7.
Equations 17 and 18 with least-squares estimates of a, b, c, 
d, and k and of e, f, g, h, and mare given as equations 19 and 20, 
respectively.
, „ (.0.316 r0.259Y = exp(-0.160 1______k----
,0.241 0.274ro
7) (19)
Y = 0. 359 (<
-0.574 ) (exp 0.000236t) (20)
p - 0 .4 6 1  - 0 . 6 7 3
P ro
Analysis of variance for the regression of equation 19 is given in 
Table 8. The multiple correlation coefficient (R^) and the partial 
F statistic for each variable were based on a regression equation 
containing that variable and the variable initially entered. The 
multiple correlation coefficient for equation 20 was 0.845 about 
two percent less than that of equation 19 and hence equation 19 was
chosen to be used subsequently.
2 . . .The values of R p  individual correlation coefficients, were
obtained by entering each variable separately in the regression to 
find the heirarchy of the variables in predicting Y. As can be
seen from Table 8, concentration and time are the two variables that
. . . . 9 .explain most of the variation m  Y. The values of R increased with
the increase in the number of variables used in the regression.
This indicates the importance of each variable to the total predic­
tion of Y.
A sample calculation for partial F is given in Appendix C. 
The total F statistic is greater than F^, 11, 1 - Oi (0( = 0.10) 
where C(. is the probability that a variable will exceed a certain
TABLE 8 - ANALYSIS OF VARIANCE (ANOVA) FOR REGRESSION ON EQUATION 19
Source d.f.5/ s.s.k/ M.S.-/ Partial F Overall F R2 r2i
Regression x^ 1 0.299 0.299 4.65 7.832 0.499 0.499
/ d/ x2/xi~ 1 0.053 0.053 0.813 0.541 0. 19 8
xg / x » x2 1 0.441 0.441 13.0 0.813 0.561
x^/xp x2, x3 1 0.094 0.094 3. 31 0.860 0.236
Residual 11 0.312 0.0284
Total 15 1.199
—/ degrees of freedom 
y  sum of squares 
£/ mean square 
—/ x2 entered after x^
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value, showing the significance of the overall regression. However, 
from each partial F tests, tests that assess whether the addition of 
any specific independent variable, given others already in the model, 
significantly contributes to the overall correlation, the following 
conclusions can be reached at 0( = 0.10: (a) x-^ and x^ significantly 
add to the prediction of Y by the model; (b) x^ is barely significant; 
and (c) X2 does not contribute to the overall picture. Thus, a 
regression without X2 was performed and the multiple correlation 
coefficient obtained 0.828 was 3.7 percent less than 0.860 of the 
full model. The values of a, c, d and k for the model without X£ 
were 0.312, 0.256, 0.270 and 0.404, respectively. Despite the fact 
that x9 did not add much to the overall correlation, it was incor­
porated in the regression equation 19 since solid/liquid ratio in 
the experimental runs has shown a significant effect on the rate of 
sodium removal up to 1/2.
C. PREDICTION
The percent sodium (MAF) remaining in lignite was estimated 
using equations 16 and 19. Each independent variable was varied 
one at a time. The results of these predictions along with experi­
mental values are assembled in Tables 9 through 12. The percent of 
sodium remaining in lignite as a function of residence time, solid/ 
liquid ratio, acid concentration and particle size is plotted in 
Figures 14 to 17. As can be seen from these tables and still more 
strikingly from the figures, there is a reasonably good agreement 
between the experimental and predicted values. This demonstrates 
the applicability of the theoretical and least-squares models in
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TABLE 9 - EFFECT OF RESIDENCE TIME ON 
PERCENT SODIUM REMAINING IN 
LIGNITE AFTER ION EXCHANGE
Input H^SO^ Concentration = 0.1118 N 
Solid/Liquid Mass Ratio = 1/2 
Particle Size Range = -10 x +48 mesh 
Mean Particle Radius = 0.06809 cm ^
Concentration of Fixed Ionic Sodium = J.2.77 meq/cm 
Diffusion Coefficient = 8.545 x 10 c m ^ / s e c
Residence Time, 
seconds
Percent Sodium Remaining
Experimental Linear Least- 
Squares Fit 
(Equation 19)
Theoret ical 
Model
(Equation 16)
638 23.9 18. 3 24.7
1226 12.4 12.3 9.1
3066 4.9 6.0 4.2
6408 4.1 2.9 4.1
51
TABLE 10 - EFFECT OF SOLID/LIQUID MASS 
RATIO ON PERCENT SODIUM RE­
MAINING IN LIGNITE AFTER 
ION EXCHANGE
Input l^SO^ Concentration = 0.1118 N 
Particle Size Range = -10 x +48 mesh 
Mean Particle Radius = 0.06809 cm 
Residence Time = 20.44 minutes 
Concentration of Fixed Ionic Sodium = 12.77 meq/cm 
Diffusion Coefficient = 8.545 x lO-  ^ cm^/sec
Solid To Liquid Percent Sodium Remaining
Mass Ratio Experimental Linear Least- Theoretical
Squares Fit Model
(Equation 19) (Equation 16^
1/1 18. 7 14.8 14.7
1/2 12.4 12.3 14.4
1/3 9.6 9.1 13.9
1/4 9.7 8.5 13.9
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TABLE 11 - EFFECT OF H2S04 CONCENTRATION 
ON PERCENT SODIUM REMAINING IN 
LIGNITE AFTER ION EXCHANGE
Particle Size Range = -10 x +48 mesh 
Mean Particle Radius = 0.06809 cm 
Solid/Liquid Mass Ratio = 1/2 
Residence Time = 20.44 minutes 
Concentration of Fixed Ionic Sodium = 12.77 meq/cni 
Diffusion Coefficient = 8.545 x 10“  ^ cm^/sec
H2SO4 Concentration, 
N x 100
Percent Sodium Remaining
Experimental Linear Least- 
Squares Fit 
(Equation 19)
Theoretical 
Mode 1
(Equation 16)
4.131 28. 3 20.0 35.9
23.74 8.2 7.8 3.8
46.51 6.0 4.8 3.7
80.92 3.6 3.0 3.6
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TABLE 12 - EFFECT OF PARTICLE SIZE ON 
PERCENT SODIUM REMAINING IN 
LIGNITE AFTER ION EXCHANGE
Input HpSO^ Concentration = 0.1118 N 
Residence Time = 20.44 minutes 
Solid/Liquid Mass Ratio = 1/2 
Concentration of Fixed Ionic Sodium = 12.77 meq/cm^ 
Diffusion Coefficient = 8.545 x 10-  ^ cm^/sec
Particle Size, Percent Sodium Remaining
cm Experimental Linear Least- 
Squares Fit 
(Equation 19)
Theoretical
Model
(Equation 16)
0.1168 9.3 16.5 22.2
0.08407 8.3 13.8 13.9
0.05893 5.0 9.1 5.4
0.02946 5.3 7.1 5.3
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FIGURE 14 - SODIUM REMAINING IN LIGNITE AS A FUNCTION
RESIDENCE TIME
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Input h 2SC>4 Concentration = 0.1118 N
Residence Time = 20.44 minutes 
Particle Size Range = -10 x +48 mesh 
Mean Particle Radius = 0.06809 cm
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Solid to Liquid Mass Ratio = 1/2 
Residence Time = 20.44 minutes 
Particle Size Range = -10 x +48 mesh 
Mean Particle Radius = 0.06809 cm
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design procedures. The deviations that did occur were probably 
the results of experimental errors or in the case of the theoretical 
model, the many simplifying assumptions involved.
The conclusions reached on the experimental results of sodium 
removal from lignite are supported by the theoretical model. The 
theoretical model showed its greatest deviation from experimental data 
for particle size runs. This is due to the lack or nonavailability 
of accurate methods of determining the exact particle sizes. The 
least-squares estimates for some runs are seen to vary more than the 
theoretical predictions from the experimental data. This probably 
is attributable to the two steps logarithmic transformation used to 
linearize the postulated exponential function.
VIII. CONCLUSIONS
From the experimental and theoretical correlation results 
the following conclusions are reached.
1. The rate of sodium and other cations removed from 
lignite by ion exchange increased with increase in residence time 
and acid concentration and with decrease in solid/liquid mass 
ratio and particle size.
2. Sodium is the easiest cation to replace followed by K+ ,
Mg , Ca and A1 * *
3. Residence time of greater than 50 minutes did not achieve 
any further reduction in sodium content of the lignite.
4. Solid/liquid mass ratio less than 1/2 produced no signi­
ficant increase in sodium removal.
5. Sulfuric acid concentration greater than 0.4651 was not 
needed to achieve an almost complete removal of sodium from lig­
nite.
6. Particle sizes less than 35 mesh would be unnecessary
to reduce the sodium content of the lignite to less than five per­
cent.
7. The postulated film diffusion model for the removal of 
sodium agrees well with experimental results.
8. The postulated exponential function fit explains about 
86 percent of the variation in the experimental data.
9. The heirarchy of the independent variables in contri­
buting to an overall correlation of the dependent variable, per­
cent sodium remaining in lignite, is found to be concentration, 
residence time, particle size and solid/liquid ratio.
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IX. RECOMMENDATIONS
Some suggestions for future experimental work are given below.
1. The continuous countercurrent ion exchange unit used 
for the present work was not long enough to have sufficient vari­
ability in residence time. A modification of this unit would be 
warranted.
2. Use of different cations, such as Ca++, Mg++, Al+++,
Fe+++, would be necessary to investigate and compare the efficiency 
of exchange ions in the removal of sodium from lignite.
3. Lignites of different sodium content should be used to 
find the dependence of sodium removal on thh initial amount of 
sodium in the lignite.
4. The use of Latin square or other experimental designs would 
be helpful to reduce the numbrer of runs needed to investigate the 
influence of the different parameters. Such a design would also 
help to reduce experimental errors and explain the interactions of 
the parameters.
5. The theoretical model and the linear least squares fit 
used for sodium removal should be tried for the removal of the other 
cations.
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APPENDIX A
RAW EXPERIMENTAL DATA
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Input H2SO^ Concentration = 0.1U8N 
Particle Size Range = -10 x +48 mesh 
Solid/Liquid Mass Ratio = 1/2
TABLE A-l. - ANALYSIS OF LIGNITE AFTER ION EXCHANGE
FOR VARYING RESIDENCE TIME
Res idence 
Time, 
Minutes
Ash % 
(MF)
Composition in MAF Coal, 
ppm
Composition In Ash,
%
Na K Mg Ca A1 Na20 k2o MgO CaO AI2O3
0* 11.4 60.24 3.2 24.5 109 52.5 9.2 0.4 5.2 20,7 11.5
10.22 6.1 30 2.4 38.5 119 93 4.4 0.3 5.1 18.0 11.1
20.44 5.2 16 1.6 23.2 116 78 2,2 0.2 3.8 16,2 14.7
51.1 7.4 5 0.90 14.6 93 81 0.7 0.1 2,6 14.1 16.6
102.2 5.6 5.5 0.93 13.2 92 99 0.8 0.1 2.4 14.2 20.6
*As-Received Lignite
Input H2SO4 Concentration = 0.1118 N 
Particle Size Range = -10 x +48 mesh 
Residence Time = 20.44 minutes
TABLE A-2. - ANALYSIS OF LIGNITE AFTER ION EXCHANGE FOR
VARYING SOLID/LIQUID MASS RATIO
Solid/Liquid
Mass Ratio
Ash
%
Composition In MAF Coal, 
ppm
Composition In Ash,
%
Na K Mg Ca A1 Na20 K2° MgO CaO ai2o 3
1/1 8.6 16 0.99 16.3 113 68.5 2.4 0.1 3.0 17.2 14.1
1/2 5.2 16 1.6 23.2 116 78 2.2 0.2 3.8 16.2 14.7
1/3 8.3 9 1.2 16.0 115 72 1.3 0.2 2.8 16.7 14.1
1/4 5.6 10 0.98 15.0 102 83 1.5 0.1 2.7 15.7 17.2
O'
TABLE A-3. - ANALYSIS OF LIGNITE AFTER ION EXCHANGE
FOR VARYING ACID CONCENTRATION
Particle Size Range = -10 x +48 mesh 
Residence Time = 20.44 minutes 
Solid/Liquid Mass Ratio = 1/2
H2so4
Concentration 
N x 100
Ash % 
(MF) '
Composition in MAF 
Coal, ppm
Composition In Ash,
%
Na K Mg Ca A1 Na20 k2o MgO CaO Al203
0* 10.4 57.3 1.78 31.6 117 49.5 7.8 0.2 5.3 16.5 9.4
4.131 9.9 21 1.83 35.1 117 58.0 3.0 0.2 6.2 17.5 11.7
23. 74 8.9 7 0.95 20.3 104 60.0 1.0 0.1 3.6 15.3 11.9
46.51 6.3 7.2 0.60 23.2 112 64 1.0 0.08 4.2 17.0 13.1
80.92 4.7 4.7 1.3 1.9 64 82 0.7 0.2 0.4 9.9 17.1
O'Ln
*Distilled Water
Input H2SO^ Concentration = -10 x +48 mesh 
Residence Time = 20.44 minutes 
Solid/Liquid Mass Ratio = 1/2
TABLE A-4. - ANALYSIS OF LIGNITE AFTER ION EXCHANGE
FOR VARYING PARTICLE SIZE
Particle Size 
Range, Mesh
Ash % 
(MF)
Composition In MAF Coal,
ppm
Composition in Ash,
%
Na K Mg Ca A1 Na20 k 2o MgO CaO a i2o 3
-10 x +14 5.2 13 1.1 32 116 101 1.9 0.1 5.7 20.6 20.5
-14 x +20 4.6 11 1.1 16.5 96 85 1.6 0.1 3.0 14.9 17.8
-20 x +28 4.6 5 1.8 32 115 95.5 0.8 0.3 6.2 18.9 21.1
-28 x +35 5.5 7 0.9: 21.3 113 94.5 0.8 0.1 3.8 17.1 19.4
-35 x +48 6.0 7 1.1 15.2 115 75.5 0.9 0.2 2.8 17.8 15.6
O '
O '
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SYMBOLS
6
0<A/B
9
rr
\>
oC
thickness of Nernst film, cm 
separation factor, dimensionless 
electric potential, ergs/coulomb 
constant, dimensionless 
linear liquid flow rate, cm/sec
probability that a variable will exceed a certain value 
density, g/cm^ 
regression coefficient
68
ABBREVIATIONS
MF moisture-free
MAF moisture-ash-free
AA atomic absorption
N normal
ppm parts per million
69
APPENDIX C
SAMPLE CALCULATIONS
70
71
Sample calculation to determine g/min Na+ in a g of MAF lignite.
g/min Na+ = mg Na+/kg lignite x A g ash (MF) x  B g lignite (MF)
g sample (ash) 100 g lignite (MF) c g lignite (MAF)
x D g/min (MAF) lignite in/out x dilution factor x 10
NOTE: mg Na+/kg lignite = ppm = 10  ^g Na+/g lignite.
Since the pellet was dissolved in 100 ml solution, 10 becomes
10 4 during conversion from ppm to g Na+/g lignite.
A. Before ion exchange (data from Table A-l):
g Na+/min = 60.24 x 11.35 x 71.31 x 7.668 x 1 x 10~4 = 0.06733 
0.0926 100 59.96
B. After ion exchange for 1 minute residence time run:
g Na+/min = 30 x 6.12 x 7.668 x 1 x, 10~4 = 0.01612
0.0930 100
C. Sample calculation to find g Na+/min in effluent for 1 minute 
residence time run:
g Na+/min in effluent = mg/l(ppm) x dilution factor x solution 
flow rate (ml/min)
x 10~6
= 175.6 x 10 x 24.78 x 10~6 
= 0.04351 ^
D. Sample material balance closure from 100 for 1 minute residence 
t ime run:
Material balance closure = In - Out x 100
In
= 0.6733 - (0.01612 + 0.04351) x 100 
0.06733
11.4%.
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Calculation to find concentration of fixed ionic sodium and diffusion
coefficient.
Fixed ionic sodium in lignite, 
meq/cm of fixed Na = C = (100-W)
lOOCl+Q.-M “xO.OOlQ J  wt 1 ref xwt
where = density of lignite = 1.2 g/cm3.
wt
Qi
M
= moisture of lignite = 28.69%.
= weight capacity of lignite = 1000/formula weight 
of carboxylic acid in lignite.
= 1000/45 = 22.22 meq/g.
= g of Na+ in weight capacity of lignite.
= 23 x 10~3 (22.22) = 0.5111 g.
, = atomic weight of reference ion = 1 for cation 
exchangers = 35.5 for anion exchangers.
(100-28.69 22.22C = 1.2
100(1+0.5111-22.22x0.001) 
3= 12.77 meq/cm .
Diffusion coefficient in film
^~  0■2r0 ; where rQ = mean particle radius = 0.06809 cm
l+70rot)
= throughput/ion exchange unit cross- 
section.
for S/L = 1/2, \) =0.006260 cm/sec.
= 0.2(0.06809)
th =
1+70(0.06809) (0.00626)
= 1.338x10 3 cm.
0.23rQfi C (Equation 14) 
DC
+ o- * bee.
sec
0.2 3rQc5' C . tj. = 286 seconds (Figure 2) 
t^C
(0.23) (0
8. 361x10
.06809) (1.338xl0~2) (12.77) 
(286)/(0. 1118)
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cm2/sec.
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A. Overall F test.
HQ : = ~ = / ^ = ® where ^  is a regression coefficient.
Let 0( = 0.10
hA : &i f 3* * &2>
F calculated = 7.832 ^  F^, 11, 0.90 = 2.54. Therefore, reject 
Hq at C( = 0.10.
B. Partial F test.
Hq : the addition of X3 to the model already containing x^, and
X2 does not significantly improve the prediction of y.
: the addition of x^ to the model already containing x-^ , and
X2 does significantly improve the prediction of y.
F(x3/x-pX2) = SS(x^,X2,X3) - SS(x^,X2)
MS residual (X3,X2,x^,x^)
= 0.793 - 0.352 
(0.094 + 0.312)/12
= 13.0
F, m   ^ = 3.18 ^  F calculated. Therefore, reject H_ at u  =1,12,0.90 o
Sample calculation for F test.
0 . 1 0 .
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